Context. The majority of observed mass-to-light ratios of globular clusters are too low to be explained by 'canonical' cluster models, in which dynamical effects are not accounted for. Moreover, these models do not reproduce a recently reported trend of increasing M/L with cluster mass, but instead predict mass-to-light ratios that are independent of cluster mass for a fixed age and metallicity. Aims. This study aims to explain the M/L of globular clusters in four galaxies by including stellar evolution, stellar remnants, and the preferential loss of low-mass stars due to energy equipartition. Methods. Analytical cluster models are applied that account for stellar evolution and dynamical cluster dissolution to samples of globular clusters in Cen A, the Milky Way, M31 and the LMC. The models include stellar remnants and cover metallicities in the range Z = 0.0004-0.05. Results. Both the low observed mass-to-light ratios and the trend of increasing M/L with cluster mass can be reproduced by including the preferential loss of low-mass stars, assuming reasonable values for the dissolution timescale. This leads to a mass-dependent M/L evolution and increases the explained percentage of the observations from 39% to 92%. Conclusions. This study shows that the hitherto unexplained discrepancy between observations and models of the massto-light ratios of globular clusters can be explained by dynamical effects, provided that the globular clusters exhibiting low M/L have dissolution timescales within the ranges assumed in this Letter. Furthermore, it substantiates that M/L cannot be assumed to be constant with mass at fixed age and metallicity.
Introduction
The mass-to-light ratios of globular clusters (GCs) have been given a lot of attention recently (e.g., McLaughlin & van der Marel 2005; Rejkuba et al. 2007; Mieske & Kroupa 2008; Dabringhausen et al. 2008) . Rejkuba et al. (2007) have observed an M/L trend with cluster mass above a certain cluster mass, as more massive clusters appear to have higher M/L than low-mass clusters (see also Mandushev et al. 1991) . This is an observation contrary to fundamental plane studies of GCs (e.g., McLaughlin 2000) and also in strong disagreement with the constant M/L for fixed age that is commonly assumed in observational and theoretical GC studies (e.g., Harris et al. 2006; Mora et al. 2007; Bekki et al. 2007 ). Moreover, for Galactic GCs ⊙ for typical GC metallicities. Given the important role of GCs in galactic astronomy, it is essential to explain these apparent contradictions.
In numerical and analytical studies of dynamical effects in clusters (e.g., Baumgardt & Makino 2003; Lamers et al. 2006; Kruijssen & Lamers 2008) 
it has become clear
Send offprint requests to: J. M. Diederik Kruijssen, e-mail: kruijssen@astro.uu.nl that the dynamical evolution of clusters strongly affects cluster luminosity, colour and mass-to-light ratio. In Kruijssen & Lamers (2008, hereafter KL08) it is shown how the evolution of these observables changes due to dynamical effects such as the preferential loss of low-mass stars and the retain of stellar remnants, but also due to the stellar initial mass function and metallicity. It is shown that M/L cannot be assumed to be constant for a fixed age and metallicity, but instead depends on cluster mass when dynamical effects are accounted for.
In this Letter, the analytical cluster models from KL08 are applied to explain the observations of GCs in several galaxies from Rejkuba et al. (2007) and . In Sect. 2 I first summarise the models presented in KL08, which is applied to the observations in Sect. 3. In Sect. 3.1 the effect of metallicity and the cluster dissolution timescale on cluster evolution in the {M, M/L V }-plane is investigated. The observations are discussed in Sect. 3.2 and are compared to the models in Sect. 3.3. A discussion of the results and the conclusions are presented in Sect. 4.
Modeling method
In this study, analytic cluster models are used that incorporate the effects of stellar evolution, stellar remnant production, cluster dissolution and energy equipartition. They are summarised here and are treated in more detail in KL08.
In the models, clusters gradually lose mass due to stellar evolution and dissolution. The total cluster mass evolution is described by dM cl /dt = (dM cl /dt) ev + (dM cl /dt) dis , with the first term denoting stellar evolution and the second representing dissolution. Taking into account the formation of stellar remnants and the mass-dependent loss of stars by dissolution, this provides a description of the changing mass function and cluster mass in remnants. Stellar evolution is included by using the Padova 1999 isochrones 1 . It removes the most massive stars from the cluster and increases the dark cluster mass by turning stars into remnants, which is included by assuming an initialremnant mass relation. A Kroupa (2001) IMF is assumed.
Cluster dissolution represents the dynamical cluster mass loss due to stars passing the tidal radius. This mass loss acts on a dissolution timescale τ dis :
where τ dis is related to the present day cluster mass Lamers et al. 2005a) , leading to the second equality in Eq. 1. The characteristic timescale t 0 depends on the environment and determines the strength of dissolution. For example, in the case of tidal dissolution t 0 depends on tidal field strength and thus on galactocentric radius and galaxy mass. Typical values are t 0 = 10 5 -10 8 yr (e.g., Lamers et al. 2005b ), translating into a total disruption time t total dis ≈ 10 8 -10
11 yr for a 10 5 M ⊙ cluster. From N -body simulations of tidal dissolution (Lamers et al. 2005b ) and observations (Boutloukos & Lamers 2003; Gieles et al. 2005) , the exponent γ is found to be γ ≈ 0.62.
The effect of dissolution on the mass function depends on the dynamical state of the cluster. If it has reached energy equipartition, i.e., after core collapse, the cluster becomes mass-segregated and low-mass stars are preferentially lost. This occurs at about 20% of the total cluster lifetime (Baumgardt & Makino 2003) . For clusters without equipartition, bodies of all masses are lost with similar probabilities.
Cluster photometry is computed by integrating the stellar mass function over the stellar isochrones, yielding cluster magnitude evolution M λ (t, M cl,i ) for a passband λ and a cluster with initial mass M cl,i .
Applying the cluster models to observed clusters
In this section I present the evolution of clusters in the {M, M/L V }-plane, and apply this to explain the {M, M/L V } distribution observed in real clusters.
Cluster evolution in the mass-M/L V plane
In 'canonical' Simple Stellar Population (SSP) models, clusters only evolve due to stellar evolution, and therefore their mass-to-light ratios do not change due to dynamical effects. As the most massive stars (with low M/L V ) gradually disappear, in these models M/L V is a monotonously increasing function of time that is constant for any set of clusters at a single age and metallicity. However, this is only correct if cluster dissolution occurs independently of stellar mass and the shape of the stellar mass function is preserved, i.e., there is no preferential loss of low-mass stars.
Contrary to clusters from SSP models, in reality clusters do preferentially lose low-mass stars (e.g., Hillenbrand & Hartmann 1998; Albrow et al. 2002; Baumgardt & Makino 2003) . KL08 have shown that this strongly affects the M/L evolution of clusters due to the preferential loss of low-mass stars (having high M/L), and that consequently M/L cannot be assumed to be constant for clusters of a given age.
In order to explain the appearance of clusters in the {M, M/L V }-plane, I first compute the model cluster evolutionary tracks for different metallicities and dissolution timescales. The results are shown in Fig. 1. Initially, model clusters are not in equipartition and they evolve to lower masses and increasing M/L V (due to the death of massive stars), moving up and to the left in Fig. 1 . From the moment they reach mass segregation, happening earlier for low-mass clusters due to quicker relaxation (Baumgardt & Makino 2003) , they preferentially lose low-mass stars, which have high M/L. This decreases the cluster M/L and explains the maximum in the cluster evolution curves for lower initial masses. Along the cluster isochrones of constant age (dotted lines in Fig. 1 ), M/L V increases with mass, since at any given age low-mass clusters have spent more time in energy equipartition and thus have retained more massive (i.e., low-M/L) stars compared to massive clusters. The cluster isochrones flatten at the highest masses, since these clusters have yet to reach equipartition, leaving them at constant M/L.
Within a galaxy, its GCs generally have similar ages (e.g., Vandenberg et al. 1990) . Observations of GC systems should thus approximately follow cluster isochrones in the {M, M/L V }-plane. Therefore, the isochrones are used in Fig. 1 to probe the influence of metallicity and dissolution timescale on the expected GC distribution. Increasing metallicity leads to a higher maximum M/L, and thus also to steeper isochrones. Increasing the dissolution timescale shifts the entire isochrone to the left: for long dissolution timescales, it takes more time to reach equipartition and therefore only clusters of the lowest masses have preferentially lost low-mass stars. The dissolution timescale thus sets the location of the 'knee' in the isochrones, which is the cluster mass at which they flatten due to the absence of equipartition. This can be used to determine the dissolution timescale range of an observed GC system.
Observations of globular cluster mass-to-light ratios
In Rejkuba et al. (2007, Fig. 9 ) the (dynamical-) {M, M/L V }-plane is presented for GCs in several host galaxies. In Fig. 2, I show their {M, M/L V }-plane for GCs from Cen A, the Milky Way, M31, and the Large Magellanic Cloud (LMC). For the Cen A data, aperture corrections as in Hilker et al. (2007) have been computed for the cluster masses and M/L V . The M/L V values for mass-independent cluster models (the 'canonical' models from KL08) are overplotted, and fail to reproduce a large part of the data. When considering the metallicities and errors of the data (not shown in Fig. 2 ), only 39% of Mass-to-light ratio versus mass for globular clusters in different galaxies. The Cen A data is from , all other data is taken from Rejkuba et al. (2007) . The canonical (mass-independent) models are overplotted as solid, dashed and dotted lines for Z = {0.0004, 0.004, 0.008}, respectively. the observed GCs can be covered within their 1-σ errors if the canonical models are used 2 . Although the data show quite some scatter, there are indications for a trend of increasing M/L V with mass, such as the lack of low-M/L clusters for log M > 6.3. I argue that this is the same behaviour as can be observed in the cluster isochrones including the preferential loss of low-mass stars in Fig. 1 , implying that the increase of M/L V with mass corresponds to a decreasing effect of energy equipartition. ⊙ for GC metallicities, a Kroupa IMF and t = 12 Gyr, comparable to the 'canonical' models used here. Table 1 . Required dissolution timescale ranges for globular clusters of three metallicities in four studied galaxies, as derived from the cluster samples. Due to possible incompleteness at low masses and high M/L (see Fig. 3 ), all upper limits represent minimum values and lower limits often represent maxima. Limits that do not suffer from incompleteness are shown in boldface. and the LMC. The different colours represent three metallicities, and coloured model lines belong to data points of the same colour. For any galaxy and metallicity, the data cover an area in the {M, M/L V }-plane that can be spanned by two model curves of different dissolution timescales. Left curves denote upper limits, while right curves represent lower limits for the dissolution timescale ranges in which clusters are observed. These limits are chosen as such that they encompass the data points. Contrary to the sparse coverage of the data by the canonical models (see Fig. 2 ), it is shown in Fig. 3 that 92% of the data can be explained within their 1-σ errors by using the new models (KL08) that account for dynamical effects. The remaining 8% has too high M/L to be explained by stellar population models, unless their observed ages or metallicities are underestimated.
Explaining the mass-to-light ratios of globular clusters
The minimum and maximum dissolution timescales that are required to explain the observations are summarised in Table 1 . All values fall within the physically reasonable range of 10 5 -10 8 yr (Lamers et al. 2005b ). For each galaxy, a broad range of dissolution timescales is required to explain the observed range of M/L. This is not surprising, since the observed clusters are located at various galactocentric radii and thus experience different tidal dissolution strengths. Regardless of this spread, there is a clear trend of decreasing required dissolution timescale with metallicity. This is likely to be related to the radial metallicity gradient observed in galaxies (first established by Searle 1971), with metal-rich clusters at small galactocentric radii and thus at short dissolution timescales. Another trend is that of decreasing required dissolution timescale with galaxy mass. Again, this is not surprising, as more massive galaxies can have stronger tidal fields and thus give rise to more rapid cluster dissolution.
Discussion
In this Letter, I have shown that the hitherto unexplained discrepancy between observations and models of the massto-light ratios of globular clusters can be explained by dynamical effects. The preferential loss of low-mass stars due to energy equipartition gives rise to M/L evolution that depends on cluster mass, contrary to what is assumed in canonical cluster models. This is confirmed by the application of models that include dynamical effects to the GC populations of Cen A, the Milky Way, M31 and the LMC.
Without the preferential loss of low-mass stars, current stellar population models cannot explain mass-to-light ratios below 2 M ⊙ L The dissolution timescales required to explain the observed GC samples lie within the physically reasonable range of t 0 = 10 5 -10 8 yr. Observed trends of decreasing dissolution timescale with galaxy mass and metallicity are as expected when considering the strength of tidal dissolution and the radial metallicity gradient in galaxies.
The dependence of M/L on cluster mass (and thus on luminosity) implies that photometrically derived masses using canonical models may be strongly overestimated (KL08). The results presented here underline the importance of accounting for dynamical effects when modeling clusters or interpreting observations of (globular) clusters. Fig. 3 . Comparison of t = 12 Gyr model cluster isochrones in the {M, M/L V }-plane to globular clusters in four different galaxies. Clusters with metallicities Z = {0.0004, 0.004, 0.008} are denoted with blue diamonds, green triangles, and red squares, respectively. Model curves for these metallicities are shown in the same colours, with dotted, dashed and solid lines, respectively. In all cases an age of t = 12 Gyr is assumed. For each galaxy, a dash-dotted line of constant luminosity represents the faintest cluster that is covered by the models, illustrating that the samples are magnitudelimited. Metallicities are from Beasley et al. (2008, Cen A) , Harris (1996, Milky Way) , Dubath & Grillmair (1997, M31) and Mackey & Gilmore (2004, LMC) . To prevent crowding, error bars are only shown for clusters that fall outside the range covered by the models.
